This paper reports a survey of power generation characteristics of anode-supported thin film fuel cells with Zr-rich BaZr x Ce 0.8Àx Y 0.2 O 3Àd (x ¼ 0.4, 0.6, 0.7, and 0.8) proton-conducting electrolytes, which were fabricated by single step co-firing with Zn(NO 3 ) 2 additives at a relatively low temperature (1400 C). The grain sizes significantly increased to several mm for x ¼ 0.4 and 0.6, whereas the grain sizes remained in the sub-mm ranges for x ¼ 0.7 and 0.8, which resulted in large gaps of the fuel cell performances at x over and below 0.6. The cells for x ¼ 0.4 and 0.6 exhibited efficient power generation, yielding peak powers of 279 and 336 mW cm À2 at 600 C, respectively, which were higher than those of the corresponding cells previously reported. However, the performances abruptly deteriorated with the increasing x to more than 0.7 because the electrolyte films were highly resistive due to the coarsegrained microstructures. Impedance spectroscopy for the dense sintered BaZr 
Introduction
Solid oxide fuel cells (SOFCs) have attracted much attention because of their fuel exibility, high efficiency, and lack of requirement of expensive noble metal catalysts;
1-3 however, their high operating temperature causes high fabrication and operation cost and durability issues, 4 which consequently limit their application and commercialization. Hence, lowering the operating temperature to intermediate temperatures (IT), i.e., 400-700 C is important for further applications.
High temperature proton conductors can decrease the operating temperature, because they have lower activation energy (0.3-0.6 eV) for ionic conduction than typical oxide-ion conductors such as Zr 1.8 C. 6 Therefore, protonic ceramic fuel cells (PCFCs) are promising for operations at IT. Although BaCeO 3 -based oxides display excellent proton conductivity, 7 they are thermodynamically unstable in a CO 2 -containing atmosphere below 800 C, resulting in their decomposition to BaCO 3 and CeO 2 . 8 In contrast, BaZrO 3 is thermodynamically stable in a CO 2 -rich atmosphere; thus, the partial replacement of Ce with Zr can improve the stability in a CO 2 -rich atmosphere.
9,10 Solid solutions, i.e., BaCe 1ÀxÀy Zr x -M y O 3 (M ¼ Y, Gd, etc.) tend to be more tolerant to CO 2 with the increasing Zr contents 9,10 and thus, Zr-rich BaCe 1ÀxÀy Zr x M y O 3 is desirable as a practical electrolyte for IT-PCFCs. Meanwhile, the fuel cell performances are still limited because the solid solutions tend to show poor sinterability with increasing Zr contents due to high refractory nature of BaZrO 3 moieties, and their coarse-grained microstructures have large grain-boundary resistances of electrolytes. 9, 10 Normally, Zr-rich phases require sintering temperatures over 1600 C (ref. 11) for sufficient grain growth, but such high temperature sintering causes BaO evaporation and undesired reaction at the interface between the electrolyte and cermet anodes, which signicantly increases electrolyte resistances of fuel cells. 12, 13 Hence, it is necessary to fabricate highly efficient anode-supported cells with large-grained electrolyte lms using high Zr-content BaCe 1ÀxÀy Zr x -M y O 3 (1 À x À y < x) under moderate sintering conditions.
In many scientic studies, wet chemical processes, such as co-precipitation and combustion methods, were employed to prepare ne green powders of BaZr x Ce 0.8Àx Y 0.2 O 3 , whereas such powders did not lead to highly dense ceramics with more than 90% relative density by sintering at temperatures below 1500 C, especially for x > 0.4. (BZCYYb) . 15 In the SSRS process, phase formation, densication, and grain growth were conducted at a single high-temperature sintering step, and the resultant electrolyte lms were signicantly densied despite lower (200-400 C) sintering temperatures compared to the observations of the conventional process. 16 The resultant cells could conduct efficient power generation even at 500 C. 15 In this study, we successfully fabricated anode-support thin lm fuel cells based on high Zr-content BaZr 
Experimental details

Fabrication of thin lm fuel cells with porous anode supports
The anode-supported cells were fabricated by solid-state reactive sintering (SSRS) of green pellets with alternative Zn(NO 3 ) 2 sintering aids instead of commonly used NiO aids. 15, 18, 19 The fabrication process is schematically represented in Fig. 1 . The precursor layers of electrolyte lms were spin-coated on the green pellets by using a MISAKA 1H-D7 spin-coater. The sols were prepared by dispersing Pre-1 in a solution containing dispersant (20 wt% polyethyleneimine (M w 28 000) dissolved in a-terpineol) and binder (5 wt% surfactant dissolved in a-terpineol) at a weight ratio of 10 : 3 : 1, and they were spin-coated on the surfaces of the green pellets at 3000 rpm for 40 s. Aer spin coating, the pellets were dried at room temperature and co-red at 1400 C for 8 h, 12 h, 12 h, and 18 h for x ¼ 0.4, 0.6, 0.7, and 0.8, respectively, in air. The pellets were highly densied by sintering, which resulted in a compact ceramic disc with ca. 9 mm f Â 1 mm d. The back sections of the sintered discs were polished with 1000 SiC abrasive sandpapers and then, Pt paste was applied as a current collector attached with a gold wire (0.1 mm f). Finally, La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3Àd (LSCF) button electrode (5 mm f) was deposited on the other side as a porous cathode by screenprinting with a commercial LSCF paste (Fuelcellmaterials) Fig. 1 The schematic diagram for SSRS fabrication of anode-supported cells. and subsequently pressed under a hydrostatic pressure of 100 MPa in an isostatic press. The pellets, thus prepared, were reactive-sintered at 1400 C for 8 or 12 h in air. Both faces of the sintered discs were polished by an SIC paper and then, Pt paste was applied as a current collector. The phase purity was checked by X-ray diffraction (XRD) analysis in the 2q range between 10 and 80 at a scan rate of 5 min À1 using Rigaku Ultima IV (CuKa radiation). For the XRD measurements, the cells before screen-printing LSCF layers were pulverized in a mortar. The microstructures of the fabricated cells were examined using a eld emission scanning electron microscope (FESEM; SIGMA500, ZEISS). The composition of the electrolytes was evaluated by energy-dispersive Xray analysis (EDX; JEOL-S100).
Electrochemical performance of a single cell
A single cell thus prepared was mounted in a lab-constructed fuel cell test station. The cathode compartment was sealed by a molten glass ring gasket. Before fuel cell tests, the cathode side was exposed to humidied Ar gases, and the anode side was exposed to humidied 10%-H 2 /Ar mix gases at 700 C for 1 h to covert NiO to metallic Ni; thus, a porous Ni/BaZr xCe 0.8Àx Y 0.2 O 3Àd cermet anode was prepared. All humidied gases were prepared by bubbling in Milli-Q deionized water at room temperature at a ow rate of 50 sccm, such that the corresponding water partial pressure (p H 2 O ) equalled 3 kPa. For fuel cell tests, humidied hydrogen was fed to anode, and humidied air was supplied to the cathode side at a rate of 50 sccm. The electrochemical performances of the cells were evaluated in the temperature range of 550-700 C. Impedance spectroscopy was conducted with a Solartron 1260A frequency response analyzer implemented with a Solartron 1287 potentiostat in the frequency range of 10 6 to 0.1 Hz with ac amplitude of 30 mV under OCV condition. Current-voltage (I-V) and current-power (I-P) characteristics were recorded on the same apparatus. CO 2 durability tests were performed by monitoring the current outputs under potentiostatic conditions while feeding 1%-CO 2 / H 2 mixed gases to the anode for 2 days. (0.72Å). 17 BZCY4 does not contain any secondary impurity phases, whereas BZCY6, BZCY7, and BZY show a small impurity peak in the vicinity of 32.5 , which is due to the formation of BaY 2 NiO 5 (PDF 00-041-0463). It has been reported that such a secondary phase is readily formed by the reaction between BZY and NiO through high-temperature sintering. [18] [19] [20] [21] Therefore, the absence of BaY 2 NiO 5 impurity phase in BZCY4 is probably due to the low reactivity of BaCeO 3 against NiO. EDX analysis conrms that Ba/Zr/Ce/Y molar ratios in all electrolytes are very close to the target ones, indicating that the vaporization of Ba is minimal in our fabrication process. Fig. 3 shows SEM images of the cross-sections of anode-
15 In this study, however, a single phase LSCF paste is used as a well-dened cathode in all cells because the objective of this study is to clarify optimal Zr contents of BaZr x Ce 0.8Àx Y 0.2 O 3Àd electrolytes to obtain satisfactorily high fuel cell efficiency and excellent CO 2 tolerance simultaneously.
In every case, dense electrolyte lms with 30 mm thickness are uniformly formed over a wide area of porous anode supports without apparent cracks or pinholes. The average grain sizes remarkably decrease with the increasing Zr contents. In BZCY4 electrolyte lms, the oxide grains exhibit signicant growth; their diameter is as large as 5-10 mm (Fig. 3(a) ). BZCY6 electrolyte lms are also formed by close packing of micrometer grains although the typical grain sizes (4-6 mm) are smaller than those of BZCY4 (Fig. 3(b) ). The grain sizes of BZCY7 and BZY are much smaller than those of BZCY6 (Fig. 3(c) and (d) ), i.e., they are typically less than 1 mm and thus, their lms have a large volume of grain boundaries. 10 In addition, porous precipitates are formed at the grain boundaries in the BZY electrolyte lm (Fig. 4) , which can be identical to Ni particles formed by the reduction of BaY 2 NiO 5 impurity phases under hydrogen atmosphere. 19, 22 Such metallic Ni segregation is not observed in BZCY6 and BZCY7, indicating that the reaction between BZCY6 or BZCY7 and NiO is much less pronounced than that with BZY.
Electrochemical performances
Fig . 5 shows the I-V and I-P curves of all anode-supported cells along with the summary of open circuit voltages (OCVs) and peak power densities (PPDs). The BZCY4-and BZCY6-based cells exhibit sufficiently high open-circuit voltages (OCVs) of more than 1 V in the measured temperature range, which are close to the theoretical values, suggesting that electronic conduction and gas leakage are sufficiently small in BZCY4 and BZCY6 electrolyte thin lms. Hence, the BZCY4-and BZCY6-based cells yield signicantly high peak power densities (PPDs). The BZCY4-based cell delivers PPD values of 381, 340, 279, and 205 mW cm À2 at 700, 650, 600, and 550 C, respectively ( Fig. 5(f) ). Moreover, BZCY6-based cells yield higher PPDs than BZCY4 regardless of the higher Zr contents, and the values reach 435, 396, 336, and 264 mW cm À2 in the same temperature range ( Fig. 5(f) ). However, the fuel cell performances rapidly deteriorate with further Zr substitution. PPD of the BZCY7-based cell is less than 120 mW cm À2 even at 600 C although the cell gains OCV of more than 1.0 V at temperatures below 650 C. PPD of the BZY cell is smaller than that of BZCY7, and
OCVs do not reach 1.0 V even at temperatures below 600 C, which is probably due to electronic leakage mediated via metallic Ni precipitates.
To provide further verication for the fuel cell performances, the polarization behavior is studied by electrochemical impedance techniques. Fig. 6 presents the impedance spectra of the fuel cells under OCV conditions. In general, Nyquist plots of the impedance responses of PCFCs provide the x-intercept in a high frequency region, corresponding to electrolyte resistances. Aer the intercept, they exhibit broad semi-arcs mainly due to interfacial polarization resistances at the cathode side;
23 thus, the diameters of the arcs provide polarization resistances. Fig. 7 displays Arrhenius plots of inversed ohmic resistance (R b ) and polarization resistance (R p ) determined from the spectral features of the Nyquist impedance plots. All electrolyte-type cells show Arrhenius-type linear temperature dependence of R p À1 ( Fig. 7(b) are one order of magnitude larger than the former values, which is probably due to their low proton conductivity, 10 as mentioned below.
R b À1 obeys linear Arrhenius-type relationship, providing the activation energies of proton conduction of 0.26, 0.33, 0.34, and 0.22 eV for BZCY4, BZCY6, BZCY7, and BZY cells, respectively, and these energies are similar to the corresponding energies reported elsewhere. [24] [25] [26] [27] 31 In all electrolyte cells, the fractions of R b to total resistances (R b + R p ) account for 65-80% at 600 C, indicating that the electrolyte resistances involve the major part of the voltage losses. R b values of BZCY7 and BZY electrolyte lms are one order of magnitude higher than those of BZCY4 and BZCY6, which is due to large grain boundary resistances; the grain boundary volumes of the former are much larger than those of the latter (Fig. 3) . The BZCY6-based cell has the lowest ohmic resistance among the four cells (Fig. 6) , which is the main reason for obtaining the highest PPD value with the BZCY6-based cell. The performances of recently reported PCFCs with BZCY4, BZCY6, BZCY7 and BZY electrolyte thin lms at 600 C are summarized in Table 1 for direct comparison; most of these materials were fabricated using chemically synthesized ne powders of BaZr x Ce 0.8Àx Y 0.2 O 3 for sintering. À2 at 600 C. 37 Although PPD of our BZCY4 cells is lower than this signicant result, it is higher than the PPD values reported elsewhere for the anode-supported PCFCs with the same electrolyte 5, 14, 25, 26, 29 (Table 1) . Moreover, the studies on BZCY6 cells are rather rare, 30 and PPD of our BZCY6 cells is 3 times higher than that of the analogous cell fabricated with sol-gel-derived ne powders (116 mW cm À2 ). 30 This behavior could be related to the sufficiently low grain boundary resistances of our electrolyte lms because the average grain size of our BZCY6 was larger than those of the previously reported cells (ref. 16 ). Although the BZCY7-and BZY-based cells prepared here possessed low fuel cell performances compared to the other two, their PPDs were higher than those of most of the analogous-electrolyte fuel cells 14, [27] [28] [29] [30] [31] [32] [33] [34] (Table 1) . Moreover, PPD of our BZY cell is comparable to that reported for BZY-based thin lm fuel cells fabricated by pulsed laser deposition (PLD) at 600 C (ref. The aforementioned results clearly demonstrate that the BZCY6 cells exhibit superior fuel cell performances compared to BZCY4 cells in spite of the higher Zr contents and smaller grain sizes. Fig. 7(c) displays the proton conductivity (s) of the electrolyte lms determined from R b and lm thickness; BZCY6 has higher conductivity than BZCY4 even though the grain boundary volumes of the former are apparently larger than those of the later. To verify this point, we examine the proton conductivities of BZCY4 and BZCY6 bulk ceramics prepared by an SSRS process that is similar to the one used for the fabrication of anode-supported cells. The BZCY4 and BZCY6 ceramics thus prepared have highly dense matrices (relative density of >97%), with grain sizes equal to 10 and 5 mm diameter, respectively ( Fig. 8(a) and (b)); these results are in agreement with the grain sizes observed for the thin lm fuel cell (Fig. 3) . The impedance spectra of both ceramics show apparent bulk and interfacial contributions in high (10 6 -10 5 Hz) and middle (10 5 -10 2 Hz) frequency ranges, respectively, at relatively low temperatures together with electrode contribution in low frequency region (<10 2 Hz), as shown in Fig. 8(c) . The bulk resistance of BZCY6 is lower than that of BZCY4, whereas the interfacial resistance of BZCY6 is higher than that of BZCY4 and thus, the total resistance of BZCY6 is 20% larger than that of BZCY4 at 200 C; aer increasing the temperature to 550 C, both show only an x-intercept in the frequency range of 10 6 -10 4 Hz due to sufficiently reduced resistances. 9 The x-intercept of BZCY6 is clearly smaller than that of BZCY4 at 550 C. Fig. 8 (e) displays the Arrhenius plots of the total conductivity of the BZCY4 and BZCY6 bulk ceramics determined by the sum of the bulk resistances and grain-boundary resistances. In both, the slopes of the plots change at around 400 C, indicating that dominant conduction mechanism has changed at this temperature. For many BaZr x Ce 0.8Àx Y 0.2 O 3Àd systems, it has been reported that the grain boundary resistances are dominant in the low-temperature region, whereas these are smaller than the bulk resistances in the high-temperature region, because the activation energies of grain boundary conduction are larger than those of the bulk. 38 Accordingly, the relatively high total conductivity of BZCY6 can be due to the bulk conductivity being higher than that of BZCY4 (Fig. 8(e) ). In fact, this feature is in agreement with the previously reported result. 9 These results prove that the superior fuel cell performances of BZCY6 can be due to relatively high proton conductivities in the IT ranges.
Finally, we examined the durability of BZCY6 under CO 2 -containing fuel conditions. Fig. 9 (a) shows current decays of BZCY6 cells in potentiostatic operation at 0.7 V with 1% CO 2 -containing hydrogen fuels. The cell keeps outputting a constant current of about 330 mA cm À2 for 2 days with CO 2 -containing fuels although the current slightly decreases just aer the introduction of CO 2 . XRD measurements of the BZCY6 cell aer durability tests conrm that decomposition products such as BaCO 3 , ZrO 2 and CeO 2 are not formed even aer fuel cell operations for several hours under a CO 2 atmosphere (Fig. 9(b) ), which reveals that BZCY6 is thermodynamically stable under CO 2 -containing fuel conditions. The current results unambiguously demonstrate that BZCY6 is a promising electrolyte for intermediate temperature PCFC with excellent low-temperature sinterability and CO 2 tolerance. microstructures, the ohmic resistances of these electrolyte lms were smaller than those reported for the analogous thin lm and thus, the cells with x ¼ 0.4 and 0.6 exhibited highly efficient power generation, yielding peak power densities of 279 and 336 mW cm À2 at 600 C, respectively, which were comparable to or several times higher than those of the analogous thin lm fuel cells prepared from sol-gel-derived BaZr 
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